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ABSTRACT
Objective:  clinical validity of genome sequencing (Gs) (>30×) has been preliminarily verified in 
the post-natal setting. this study is to investigate the potential utility of trio-Gs as a prenatal test 
for diagnosis of central nervous system (cNs) anomalies.
Methods:  We performed trio-based Gs on a prospective cohort of 17 foetuses with cNs 
abnormalities. single nucleotide variation (sNV), small insertion and deletion (indel), copy number 
variation (cNV), structural variant (sV), and regions with absence of heterozygosity (aOh) were 
analyzed and classified according to acMG guidelines.
Results:  trio-Gs identified diagnostic findings in 29.4% (5/17) of foetuses, with pathogenic 
variants found in SON, L1CAM, KMT2D, and ASPM. corpus callosum (cc) and cavum septum 
pellucidum (csP) abnormalities were the most frequent cNs abnormalities (47.1%, 8/17) with a 
diagnostic yield of 50%. a total of 29.4% (5/17) foetuses had variants of uncertain significance 
(VUs). Particularly, maternal uniparental disomy 16 and a de novo mosaic 4p12p11 duplication 
were simultaneously detected in one foetus with abnormal sulcus development. in addition, 
parentally inherited chromosomal inversions were identified in two foetuses.
Conclusion:  Gs demonstrates its feasibility in providing genetic diagnosis for foetal cNs 
abnormalities and shows the potential to expand the application to foetuses with other ultrasound 
anomalies in prenatal diagnosis.

Introduction

Foetal structural malformations of the brain and other 
parts of the central nervous system (cNs) are among 
the most common congenital abnormalities, which 
have a prevalence at birth of 1 to 2:1000 [1,2]. Most of 
them can be detected by imaging strategies especially 
ultrasonography and magnetic resonance imaging 
(MRi) [3]. in addition to the severity of the imaging 
findings, making pregnancy decisions requires consid-
ering a combination of causes, the prognosis for neuro-
development and function, neonatal care requirements, 
and recurrence risk [4,5]. however, most anomalies 
involving brain growth and cortical differentiation 

might occur during the second or third trimesters of 
pregnancy [5]. in order to have enough time for genetic 
counselling and pregnancy management, it is crucial to 
have genetic diagnosis as early as possible.

conventional genetic tests include karyotyping 
analysis, fluorescence in situ hybridization (Fish), and 
chromosomal microarray analysis (cMa)/low-coverage 
genome sequencing (cNV-seq) are commonly used to 
detect numerical disorder, copy number variant (cNV), 
and structural variant (sV). the estimated proportion 
of foetuses with cNs who have chromosomal abnor-
malities and pathogenic cNVs was 6.5 ~ 10.9% [6–8]. in 
recent years, exome sequencing (es) was also used for 
the prenatal diagnosis of monogenic diseases with 
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cNs abnormalities. combined data from various stud-
ies, the incremental diagnostic yield of es over karyo-
type and/or cMa in foetuses with cNs anomalies was 
32% (95% cl 27–36; i2 = 72%) [9].

although through current methods, 30 ~ 40% patho-
genic genomic variants including aneuploidy, single 
nucleotide variant (sNV)/small insertion and deletion 
(indel), cNV, and a part of sV could be detected in 
foetuses with cNs anomalies [6–9], there still exists a 
significant proportion of foetuses with cNs abnormali-
ties beyond routine detection methods. therefore, per-
forming a comprehensive genetic testing like 
high-depth genome sequencing (Gs) (>30×) [10,11] for 
prenatal diagnosis, might be a feasible approach to 
unravel the genetic aetiology of foetal cNs abnormal-
ities. the clinical effectiveness of Gs has been prelimi-
narily verified in the postpartum environment, showing 
the ability to detect the above variants, as well as sV, 
regions with absence of heterozygosity (ROh) and 
other genomic variants. however, its use in the prena-
tal diagnosis has not yet been fully developed and 
there is still insufficient data to support it due to com-
plexity of interpretation and high cost. Based on this, 
this purpose of this study is to perform Gs in foetuses 
with cNs abnormalities to investigate the diagnostic 
efficacy and feasibility of Gs in foetuses with cNs 
abnormalities.

Methods

Study design and participants

the study enrolled pregnant women with foetal cen-
tral nervous system anomalies detected by ultrasonog-
raphy or MRi from February to september 2022.

inclusion criteria were as following: (1) Foetal cNs 
abnormalities (including absence of corpus callosum, 
except for single choroid cyst, mild ventriculomegaly 
and other ultrasound soft markers). (2) samples were 
processed for rapid aneuploidy detection (RaD) and 
maternal contamination by QF-PcR (quantitative fluo-
rescence polymerase chain reaction). Only samples 
with normal QF-PcR results for chromosomes 13, 18, 
21, and sex chromosomes were included. (3) Genomic 
DNa samples of the foetuses and parents were avail-
able. exclusion criteria were pregnancies with known 
history of intrauterine infection, exposure to terato-
genic factors during this pregnancy or family history 
of known genetic disorders.

Refer to the classification criteria of Blayney et  al. 
[9], foetal central nervous system abnormalities were 
divided into (1) abnormal brain development; (2) pos-
terior fossa anomalies; (3) abnormal ventricular; (4) 

abnormal midline; (5) malformations of cortical devel-
opment. cNs anomaly subgroups were divided into 
single cNs abnormality, complex cNs abnormalities 
(two or more types of abnormalities) and non-isolated 
cNs abnormalities (combined with other system 
abnormalities, such as skeletal system, cardiovascular 
system, etc.).

all the enrolled cases have received clinical genetic 
tests including cNV-seq and es, independent of Gs. 
cNV-seq and es were performed by our in-house 
methods previously published [12,13]. Parents under-
went pre-test counselling including the detection 
scope and limitations of Gs. all the parents provided 
written informed consent. this study was approved by 
the ethical committee of the First affiliated hospital of 
Zhengzhou University (ethics No. 2021-KY-0290-002) 
and conformed to the ethical standards for medical 
research involving human subjects, as laid out in the 
1964 Declaration of helsinki and its later amendments.

DNA preparation

Foetal DNa was obtained from one chorionic villi sam-
pling (cVs), thirteen amniotic fluid (aF) and three 
umbilical cord blood. in case 9, cVs was performed at 
11+6 weeks of gestation by cNV-seq due to increased 
nuchal translucency. the case was later enrolled in the 
study at 29 weeks of gestation because of foetal cNs 
abnormalities. Parental peripheral blood samples were 
collected for DNa extraction for trio‐based analyses. 
the genomic DNa of foetuses and their parents were 
extracted using the Qiaamp DNa extraction kit (Qiagen, 
Germany), and then quantified by using Qubit 4.0 
(thermo Fisher scientific inc., Usa). in all prenatal sam-
ples, maternal contamination was excluded by QF-PcR.

Genome sequencing

DNa libraries were constructed by using DNa PcR-Free 
library Prep (illumina, san Diego, ca, Usa), followed by 
sequencing on the Novaseq6000 platform (illumina, 
san Diego, ca, Usa) with 150 bps paired-end reads. 
Quality control (Qc) information included: (1) average 
output data amount per case was 100 Gb; (2) average 
sequencing depth for nuclear exome regions was over 
30×, more than 90% of the regions reached 20× 
sequencing coverage.

the paired-end reads were assessed by using FastQc 
(https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/) and were subsequently aligned to the human 
reference genome (hg19) by Burrows–Wheeler aligner 
(BWa) [14] and reformatted with saMtools [15]. sNV and 
indel detection were performed with haplotypecaller 
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v3.4 from the Genome analysis toolkit (GatK, Broad 
institute) and annotation by aNNOVaR and interVa with 
public and our internal database [16–20]. cNV (read‐
depth‐based and chimeric‐read‐based detection 
method), structural rearrangement (sV) analyses (such 
as translocations, inversions, and insertions) and regions 
with absence of homozygosity/uniparental disomy 
(aOh/UPD) were performed using our in-house bioinfor-
matics analysis pipelines previously published [21–24].

Variant interpretation

Pathogenicity of sNVs, indels, and cNVs were evalu-
ated in accordance with guidelines of the american 
college of Medical Genetics and Genomics (acMG) 
and the association for Molecular Pathology (aMP). 
Variants were classified into i to V classes according to 
standards and guidelines for interpretation of sequence 
variants of acMG (class V: pathogenic; class iV: likely 
pathogenic; class iii: VUs; class ii: likely benign; class i: 
benign). For the foetuses, we only reported patho-
genic (P, class V) and likely pathogenic variants (lP, 
class iV) associated with foetal phenotypes.

sVs were interpreted according to gene disruption 
or potential gene dysregulation by the disruption of 
regulatory elements or topological associated domains 
(taD, 3D Genome browser, http://3dgenome.fsm.
northwestern.edu/index.html) [25].

For VUs findings, acMG recommends to report 
VUs in genes related to the foetal phenotype, espe-
cially for autosomal recessive conditions if a VUs is 
found in ‘trans’ with a pathogenic/likely pathogenic 
variant. We reported these VUs results after reviewing 
and discussing by multidisciplinary team (MDt), 
which comprised of clinical geneticists, genetic labo-
ratory specialist, paediatricians and obstetricians. For 
incidental findings in the foetus, we followed the 
acMG recommendation to report pathogenic/
expected pathogenic variants in genes known to 
cause moderate or severe childhood-onset disorders 
[26]. additionally, carrier status was analyzed for the 
enrolled couples, P/lP heterozygous variants in auto-
somal or X-linked recessive disorders as well as clini-
cally actionable disorders were reported as parental 
incidental findings, not limited to the acMG sF3.0 
[27]. PcR amplification and sanger sequencing were 
used to confirm candidate sNV/indel and sV (e.g. 
spurious alignment signals) results.

Statistical analysis

statistical analysis was performed using sPss 26.0 soft-
ware. McNemar test was used to compare the VUs 

findings of Gs and clinical genetic tests. p < 0.05 was 
considered to indicate statistical significance.

Results

Demographics of enrolled cases

trio-Gs was performed on 17 families with different 
types of foetal cNs abnormalities. the clinical informa-
tion of all enrolled foetuses, including the gestational 
age, foetal imaging phenotype, and family history was 
shown in table 1 and supplementary table 1. the 
maternal age ranged from 19 to 35 years old, with 
median maternal age of the cohort was 27 years old 
and average age was 28.4 years old. the paternal age 
ranged from 19 to 35 years old, with median paternal 
age of 28 years old and average age of 28.6 years old. 
the gestational age for enrolled cases ranged from 
19+4 weeks to 32+1 weeks, with the median gestational 
age at 25+3 weeks.

the foetal imaging phenotypes included cNs anom-
alies with abnormalities out of cNs in seven cases 
(41.2%, 7/17), single cNs abnormalities in four cases 
(23.5%, 4/17) and complex cNs abnormalities in six 
cases (35.3%, 6/17). the most frequent type of cNs 
anomalies was abnormal midline, especially was the 
corpus callosum (cc) and cavum septum pellucidum 
(csP) (47.1%, 8/17) (table 1 and supplementary tables 
1 and 2). Besides various cNs anomalies, cardiovascu-
lar anomalies were the most commonly observed 
extra‐cNs findings (3/17). average Gs sequencing 
read‐depth reached at least 30× for each sample.

Diagnostic yield

Overall, our study detected diagnostic variants in 5 of 
the 17 trios (29.4%), including six pathogenic variants 
detected in SON, L1CAM, KMT2D and ASPM. all these 
variants were associated with genetic syndromes 
(table 1 and Figure 1). two of these diagnoses were 
from autosomal dominant (aD) genes, including SON 
and KMT2D and one was from autosomal recessive 
(aR) gene, ASPM. Variants from an X-linked gene, 
L1CAM, were identified in two male foetuses. all the 
aD genetic variants were de novo variants, all the XlR 
genetic variants were inherited from the mothers, and 
the complex heterozygous variants of the foetus with 
aR genetic diseases were inherited from their parents. 
two of the six pathogenic variants were nonsense vari-
ants in SON and KMT2D genes, three were frameshift 
variants in ASPM and KMT2D genes, and one splicing 
variant in L1CAM gene (table 1). the diagnostic rate of 
foetuses with non-isolated cNs anomalies was 

http://3dgenome.fsm.northwestern.edu/index.html
http://3dgenome.fsm.northwestern.edu/index.html
https://doi.org/10.1080/07853890.2024.2399317
https://doi.org/10.1080/07853890.2024.2399317
https://doi.org/10.1080/07853890.2024.2399317


4 Y. WaNG et al.

3/7(42.9%). the diagnosis rate of isolated cNs anoma-
lies (single cNs anomalies and complex cNs anoma-
lies) was 2/10 (20%).

among the diagnosed foetuses, case 4 and case 7 
had isolated cNs anomalies, and both of them showed 
ventriculomegaly or hydrocephalus. case 3, 9 and 12 
had ultrasound anomalies beside cNs, therefore, they 
were likely affected by genetic syndromes involving 
multiple systems. in addition, four cases (80%) includ-
ing case 3, 4, 9 and 12 all had csP or cc abnormali-
ties. there were totally 8 cases of csP or cc 
abnormalities in this study, and the diagnostic rate of 
isolated acc was 25% (1/4), that with non-isolated was 
75% (3/4).

SNVs/Indels of unknown significance

Four cases carried uncertain significant heterozygous 
variants, including three cases with one pathogenic/
likely pathogenic variant and one VUs in trans detected 
(supplementary table 2 and Figure 1). For example, 
case2-F presented with cerebral haemorrhage and 
clubfoot. One maternally inherited likely pathogenic 
variant and one paternally inherited VUs variant were 
detected by Gs. however, LAMC3 defects lead to occip-
ital epidermal malformation [OMiM:614115], and 
case2-F have no particularly typical imaging findings 
such as malformations of cortical development charac-
terized by polymicrogyria and pachygyria of the occip-
ital lobes till 31 weeks of gestation. therefore, there is 
insufficient evidence to support the pathogenicity of 
the variants.

Chromosome structural variants

in particular, a de novo 4p12p11 duplication at a 
mosaic level of 68% ([GRch37] dup(4)(p12p11)dn 
chr4:g.47235624_49094057dup [0.7]) and maternal uni-
parental disomy 16 were simultaneously detected in 
case16 (Figure 2 and supplementary table 2). in addi-
tion, a 1.78 Mb inv (4) in case3 and a 3.22 Mb inv (1) in 
case10 were incidentally identified in the foetus and 
found to be parentally inherited.

Incidental findings

trio-based Gs also identified the carrier status of the 
17.6% (3/17) couples, including a likely pathogenic 
sNV in EVC2 in case7‐P (father), a pathogenic sNV in 
CFTR in case7-M (mother), a pathogenic sNV in NF1 in 
case14-M (mother), a likely pathogenic sNV in BLM in 
case16‐P (supplementary table 3).
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Comparison of results between GS and CNV-Seq 
plus ES

among the 17 families with diagnosed findings, 29.4% 
(5/17) of the foetuses were detected by Gs to have 
sNVs/indels. in the families with negative results, 5 
cases acquired VUs results (29.4%, 5/17), and inciden-
tal findings of carrier status were found in 3 couples. 
compared with cNV-seq plus es strategy, Gs showed 
consistent positive results (29.4%, 5/17) and incidental 
findings. however, Gs found more VUs findings, but 
there was no significant difference (29.4% vs 11.8%, 
p = 0.25).

the additional VUs findings of Gs included variants 
in noncoding regions in three cases. in case 2, case 11 
and case 14, trio-Gs could detect compound heterozy-
gous variants with pathogenic/likely pathogenic vari-
ants and VUs. all the VUs variants were detected in 
non-coding region (supplementary table 2), which 
could not be found by cNV-seq or es.

in case 16, a 4p12p11 duplication with 68% mosa-
icism and an extra maternal UPD (16) of undetermined 
significance were detected by Gs at the same time. By 
contrast, cNV-seq only detected [GRch37]dup(4)
(p12p11) chr4:g.47307108_49053030dup), the UPD(16) 
were not identified by both cNV-seq and es.

in case 3 and 10, trio-Gs demonstrated the extra 
ability to identify chromosomal inversions compared 
with cNV-seq and es. however, the two inversions 
were inherited from the parents and considered to be 
clinically unsignificant.

Follow-up results

among the 17 cases, 76.5% (13/17) pregnancies were 
termination of pregnancy (tOP), 11.8% (2/17) cases 
lost to follow-up, 11.8% (2/17) had a live birth includ-
ing one case with neonatal death. 5 cases with posi-
tive results all chose tOP. and the both foetuses of live 
births had negative results, one of which with cerebel-
lar haemorrhage and foot varus live birthed. the other 
case born prematurely due to intrauterine distress and 
the newborn boy did not survive due to neonatal 
respiratory distress syndrome.

Discussion

in our cohort, Gs was performed in foetuses with cNs 
abnormalities, and a total of 29.4% (5/17) foetuses 
were diagnosed. the diagnostic rate of non-isolated 
cNs anomalies was higher (42.9%, 3/7) than isolated 
cNs anomalies (20.0%, 2/10), which is in line with 
other studies [28–30]. there were four cases with sin-
gle cNs anomaly with a diagnostic rate of 25% (1/4) 
(table 1 and supplementary table 1).

in this study, 40.0% foetuses had de novo aD disor-
ders. the advanced parental age may lead to gonadal 
mosaicism, which could influence the identification of 
de novo variants [31]. however, in the two samples 
with aD disorders, the ages of both parents were 
lower than 30 years old. therefore, the possibility of 
parental mosaicism occurring in cases with de novo 
variants is low though the risk cannot be ruled out.

Figure 1. diagnostic rate of trio-based Gs in 17 foetuses with central nervous system abnormalities. VUs, variant of uncertain 
significance; cns, central nervous system abnormalities

https://doi.org/10.1080/07853890.2024.2399317
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agenesis of the corpus callosum (acc) was the 
most frequent cerebral malformation in this cohort. 
similar to other studies, the diagnostic rate of isolated 

acc in our study is lower than when it is non-isolated, 
which probably have good prognosis related to learn-
ing and social deficits, such as neurodevelopmental 

Figure 2. chromosomal structural variants identified in case16. A, mosaic 4p12p11 duplication detected in the foetus (red circle, 
mosaic level: 68%). B&c, parental confirmation results indicated de novo occurrence of the duplication.



aNNals OF MeDiciNe 7

delay [32–35]. acc is a component of one of more 
than 200 different genetic syndromes, such as ZttK 
syndrome, X-linked recessive; corpus callosum partial 
agenesis of, X-linked recessive hydrocephalus; Kabuki 
syndrome; primary Microcephaly 5 found in this study. 
We suggest that the risk of genetic syndromes should 
be ruled out when syndromic acc is suspected.

in foetuses with confirmed genetic diagnosis, two 
foetuses with ventriculomegaly or hydrocephalus were 
both diagnosed with LICAM variants. L1CAM (l1 cell 
adhesion molecule) gene is involved in regulating the 
embryonic brain development, which is the most com-
mon causative gene of hydrocephalus (1:30000), and 
the pathogenic variant of male patients is mostly 
inherited from the mother. in case7, the pregnant 
woman had two children with recurrent hydrocephalus 
in the past, and the previous children did not perform 
genetic testing. however, according to the inheritance 
mode of the L1CAM, it was more likely that the previ-
ous abnormal gestation history is caused by the vari-
ant on L1CAM.

in this study, the detection rates of trio-Gs and 
cNV-seq plus trio-es were consistent, and the detec-
tion results were all sNVs/indels, which indicated that 
the detection of sNV/indel by Gs was accurate. the 
current conventional sequencing depth of high-depth 
Gs technology is above 30×, which allows for effec-
tively detecting sNV/indel, sV and other variants. a 
few of studies shown that the sequencing depth of Gs 
for sNV/indel is lower than that of es, which may 
affect the detection of mosaic sequence variants [36]. 
therefore, it needs to take caution when candidate 
sNVs/indels with low variant allele frequency are 
found, these variants should be further verified by 
sanger sequencing or other verification techniques.

except for the positive diagnostic findings, Gs also 
detected sNVs of unknown significance, including 
three in noncoding regions in case 2, 11 and 14. it is 
worth noting that in case 11, the pregnant woman 
had the history of two pregnancies with foetuses hav-
ing hydrocephalus, indicating the foetus is at risk for 
genetic disorders. Gs detected variants in non-coding 
region of CRPPA and the foetal phenotypes overlapped 
with some patients with the gene-related diseases 
[37]. Many studies have reported that variants in 
non-coding region and deep intronic region could 
cause genetic disorders, and the acMG guidelines 
have been applied to the exploration of non-coding 
sequence variants [38]. however, the evidence for the 
pathogenicity of non-coding region variants is still lim-
ited. Finally, due to the limitation of prenatal pheno-
types, the variants were not reported as prenatal 
diagnostic results. it can be seen that the 

interpretation of Gs results might be more compli-
cated than cNV-seq and es due to such variants of 
unknown significance. these VUs results whether 
should be reported is a major concern, especially 
those in non-coding regions, which making genetic 
counselling more challenging. therefore, carrying out 
long-term postpartum follow-up and functional study 
might provide valuable information for clinical diagno-
sis, and is essential for interpretation of genetic vari-
ants [39].

Besides sNV/indels, Gs also shows the ability to 
detect structural variants including chromosomal inver-
sion and small cNV, which echoes the findings from 
the other studies [20,40,41]. in case 3 and case 10, 
inversions were detected by utilizing paired-end reads 
from Gs. interestingly, maternal uniparental disomy 16 
and a de novo 4p12p11 duplication with mosaic level 
around 68% were simultaneously found in case16. 
therefore, we demonstrated the feasibility of compre-
hensively detecting genome variants by using Gs as 
one-stop test in the prenatal cohort.

Notably, clinical presentations in foetuses with 
maternal UPD (16) are known to be variable, ranging 
from normal to malformations, but cNs abnormalities 
is not involved in the symptoms of reported cases 
[42]. there was also no proof that the phenotypes of 
case16 were caused by unbalanced expression of 
imprinted genes encoded on chromosome 16. in addi-
tion, no pathogenic compound heterozygous variants 
or homozygous variants of autosomal recessive (aR) 
disease genes were found in these regions. currently, 
there is insufficient evidence supporting the relation-
ship between UPD (16) and inversions and foetal phe-
notypes. this suggests that the genomic structural 
variants detected by Gs could bring challenges to vari-
ant interpretation and genetic counselling. large 
cohort studies are need to further explore the clinical 
significance of Gs in detecting structural variants.

Previous studies have demonstrated that Gs has a 
larger detection scope and higher detection sensitivity 
than combination of es and cNV analysis. For cNVs, 
compared with cMa, these approaches may be 
affected by the platform adopted and the 
probe-distribution strategy which may lead to missed 
detection. Gs has higher sequencing depth and reso-
lution than cNV-seq, which can stably detect small 
cNV (< 50 kb), and pinpoint the boundaries of each 
cNV, as well as to detect mosaicism with higher sensi-
tivity. Gs could also detect intragenic cNVs while es 
may miss the detection of cNVs due to the capture 
bias. For chromosomal balance rearrangements (BcRs), 
although karyotyping combined with cMa/cNV-seq 
could confirm BcRs and determine whether there are 
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any cryptic copy number variants, Gs could further 
delineate the breakpoint junctions. though we did not 
find disruption of disease-causing genes in this study 
because of the small sample size, several studies have 
shown the ability of Gs to detect balanced chromo-
somal translocations. Both cao et  al. and Zhou et  al. 
[29,43] found parents for BcRs carriers by Gs, and clar-
ified the detailed information and causes of foetal 
cNVs. therefore, we believe that Gs can be used as a 
one-stop solution to detect most types of genetic 
abnormalities.

in addition, Gs is suitable for implementation in 
prenatal diagnosis because less amount of foetal DNa 
is required when compared with routine genetic tests, 
such as es and low coverage Gs. especially, PcR-Free 
assay was used in this study, which could reduce the 
input DNa to 50-100ng in the Gs experiment. 
according to a recent meta-analysis, the pooled 
median of tat for Gs was shown to be 18 days [44]. a 
13.5-h diagnostic tat of Gs led to a clinical diagnosis 
of thiamine metabolism dysfunction syndrome 2 
(thMD2) in a true clinical case was previously reported 
[45], indicating that Gs yields great potential in short-
ening the tat for clinical management and deci-
sion making.

there are also some limitations in our study. We 
included only 17 samples, the case number in each 
phenotype category was limited. among these cases, 
VUs results were found in 5 samples, these results 
brought great challenge for interpretation and genetic 
counselling during the prenatal period. Other genetic 
tests such as transcriptome analysis and functional 
study may be solutions to demonstrate the potential 
pathogenic mechanism. additionally, tOP was chosen 
in most cases, making it limited to further discuss 
about the clinical utility of Gs for prenatal diagnosis.

Conclusion

in summary, trio-Gs provided a diagnostic yield in 
29.4% foetuses with negative QF-PcR results. this 
study was the first to compare trio-Gs with cNV-seq 
plus es to obtain the diagnostic effect. this study 
demonstrates its feasibility in providing genetic diag-
nosis for foetuses with cNs abnormalities and it shows 
the potential to expand the application to foetuses 
with other ultrasound anomalies in prenatal diagnosis. 
trio-Gs could simultaneously identify various types of 
genomic variants in the families with foetal cNs abnor-
malities, providing comprehensive genetic information 
for these families. studies with larger sample sizes of 
trio-Gs could provide statistical power and robust 
basis for the utility of Gs in prenatal diagnosis.
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